The availability of full genome sequences has allowed the construction of microarrays, with which screening of the full genome for changes in gene expression is possible. This method can provide a wealth of information about biology at the level of gene expression and is a powerful method to identify genes and pathways involved in various processes. In this study, we report a detailed analysis of the full heat stress response in Drosophila melanogaster females, using whole genome gene expression arrays (Affymetrix Inc, Santa Clara, CA, USA). The study focuses on up-as well as downregulation of genes from just before and at 8 time points after an application of short heat hardening (36ЊC for 1 hour). The expression changes were followed up to 64 hours after the heat stress, using 4 biological replicates. This study describes in detail the dramatic change in gene expression over time induced by a short-term heat treatment. We found both known stress responding genes and new candidate genes, and processes to be involved in the stress response. We identified 3 main groups of stress responsive genes that were early-upregulated, earlydownregulated, and late-upregulated, respectively, among 1222 differentially expressed genes in the data set. Comparisons with stress sensitive genes identified by studies of responses to other types of stress allow the discussion of heat-specific and general stress responses in Drosophila. Several unexpected features were revealed by this analysis, which suggests that novel pathways and mechanisms are involved in the responses to heat stress and to stress in general. The majority of stress responsive genes identified in this and other studies were downregulated, and the degree of overlap among downregulated genes was relatively high, whereas genes responding by upregulation to heat and other stress factors were more specific to the stress applied or to the conditions of the particular study. As an expected exception, heat shock genes were generally found to be upregulated by stress in general.
INTRODUCTION
Cellular responses to stress are evolutionarily ancient, ubiquitous, and essential mechanisms for the continued survival and reproduction of organisms (Lindquist 1986; Feder and Hofmann 1999) . These mechanisms protect the cells from cellular damage to proteins and membranes by environmental challenges. When exposed to such damaging stress conditions (eg, a nonlethal heat shock), major changes in gene expression and cell physiology take place (Lindquist 1986; Feder and Hofmann 1999) . These changes are known as the cellular stress response. The changes are believed to include inhibition of deoxyribonucleic acid synthesis and transcription, inhibition of ribonucleic acid (RNA) processing and translation, and enhanced degradation of proteins through proteosomal and lysosomal pathways, and at the same time, increased expression and activity of molecular chaperones and associated genes (Lindquist 1986; Feder and Hofmann 1999) .
An important part of the cellular response to heat stress is constituted by a group of genes coding for heat shock proteins (Hsps) or stress proteins because their expression can be induced by high temperatures and a whole range of other stress factors (Sørensen et al 2003) .
Hsps constitute an inducible part of molecular chaperones that play important roles in transport, folding, unfolding, assembly and disassembly of multistructured protein complexes, signal pathways, degradation of misfolded or aggregated proteins, and the activation of enzymes and receptors (Parsell and Lindquist 1993) . The heat shock genes are upregulated after exposure to stressful, potentially damaging conditions and provide the organism with a temporary enhanced tolerance to stress (for review, see Lindquist 1986; Feder and Hofmann 1999; Sørensen et al 2003) . Hsps, other molecular chaperones, and the stress response in general have been widely studied in many fields of biology, and a large number of publications on their molecular and physiological functions are available (see Parsell and Lindquist 1993; Feder and Hofmann 1999; Morimoto et al 1999; Pockley 2003; Sørensen et al 2003; Prohászka and Fü st 2004) . Although much has been learned about the heat shock response since the discovery by Ritossa (1962 Ritossa ( , 1964 , only a limited number of genes affected are known, and only little is known about the majority of genes regulated in association with this response. For example, little information exists on genes affected by stress exposure at longer time scales. Such genes might play a vital role in induced resistance because the time course of improved resistance matches poorly with the expression profiles of known molecular chaperones, eg, Hsp70 (Dahlgaard et al 1998; Sørensen et al 2003) . This suggests that other genes so far unidentified must be involved. Identification of new genes of importance for the responses to environmental stress has relevance for many fields of biology. Stress responsive genes are of interest for studying and understanding not only the environmental stress resistance and the stress response in general but also protein folding-mediated diseases in humans, immunological responses, animal breeding, genetic stress, protein quality control, developmental biology, and gene regulation. Thus, the heat shock response is of continued interest and relevance (see Pauli et al 1992) . The questions asked are related to which genes are up-or downregulated in the heat stress response and in which sequence, how these genes are regulated, the time course of induced changes in gene expression, the function of genes involved, the induction of heat tolerance, and other changes to the phenotype.
In this study, we use the microarray technique to investigate the stress response at the level of gene expression in D melanogaster. This technique provides the possibility to reinvestigate the heat stress response in the full Drosophila genome on a detailed time scale and in greater detail than has been possible before. We have investigated the genomic expression profile replicated in different genetic backgrounds of D melanogaster using microarrays in unstressed flies and in a time series from immediately after to 64 hours after application of a short nonlethal heat stress.
The aim of the study was 2-fold. First, to describe the heat shock response in temporal details with attention to genes, which respond after the known hsp genes expression levels are back to unstressed levels, and to do this in a complex whole organism to include potentially important genes overlooked in cell culture investigations. Moreover, by comparing with the results of other expression studies of responses to a range of stressful conditions, more knowledge of specific and general stress responses could be gained. Second, to identify new heat shock genes or other new groups of genes regulated after heat stress induction, as potential candidates for the response and tolerance to heat stress and stress in general. The analyzed data provide an overview of the genes and the processes involved in the response to heat stress over time and has a number of unexpected features, which suggest novel pathways and mechanisms.
MATERIALS AND METHODS

Origin of experimental flies
The selection and control lines used in this experiment originated from a mass population. Flies from different geographical regions and background were mixed to increase the genetic diversity in the starting material. The mass population was created in September 2002 by mixing 600-700 flies from each of several preexisting stocks from the laboratory. The origin of flies and the setup of the mass population are described in more detail in Bubliy and Loeschcke (2005) .
Maintenance regimen
The mass population was maintained as 1 interbreeding population for 4 generations before a number of selection regimens were established. In this study, flies from 2 maintenance regimens were used (control and selection for induced heat survival). Independent replicate lines were established for each selection regimen. Each replicate line was maintained in 5 culture bottles with a minimum population size of 60 pairs in each (in total, a population size of 300 pairs). The 5 bottles, within a replicate line, were mixed each generation. The lines were kept at this relatively high population size to reduce the effect of drift. Replicate lines of the control regimen were kept at standard laboratory conditions at 25ЊC and a 12/12 hours light/dark cycle on standard agar-sugar-yeast-oatmeal medium, unless otherwise stated. Flies from the induced heat survival regimen were heat shocked every second generation when 5 days old. Flies were hardened for 30 minutes at 36ЊC in a preheated waterbath. Subsequently, 1 hour later, flies were heat shocked for 1 hour at 38ЊC. The heat shock temperature was gradually increased (to 38.5ЊC for 65 minutes) between selection events to maintain the mortality constant because the lines improved the resistance due to the selection. For the array experiment, the lines had passed 20 generations, ie, 10 selected generations. The flies used for experimentation were offspring from an unselected generation to avoid any crossgenerational effects of the selection procedure. For a more detailed description of origin and selection regimens of flies, see Bubliy and Loeschcke (2005) .
Induction of the stress response
Flies were set up in 200-mL bottles under uncrowded conditions (25 pairs were allowed egg laying for 24 hours); on the start of emergence, the bottles were emptied, and the next morning, flies were collected under CO 2 anesthesia. We collected 10 females per vial and 60 vials from each replicate line. After recovery from CO 2 anesthesia and handling, flies that were dead or injured were replaced with fresh ones. The flies were aged to 3-4 days before the onset of the experiment. Immediately before the hardening treatment, all flies were transferred to 5-mL plastic vials that allowed for continuous ventilation when partly open. During hardening and heat shock, the vials were closed but otherwise partly open at all times, allowing ventilation. The vials had a layer of agar mixed with sugar at the bottom to provide moisture and food during the experiment. Before the experiment, it was determined that adult flies could be maintained in these vials in excess of 4 days so long as ventilation, water, and basic food was provided under the experimental conditions. Heat hardening took place at 36ЊC for 1 hour in preheated waterbaths (from time Ϫ1 to 0 hour), and subsequently, the flies were returned to 25ЊC. One set of flies was not hardened and served as untreated controls. These were sampled immediately before heat hardening commenced at time Ϫ1 hour. The remaining vials with hardened flies were collected and frozen in liquid nitrogen and quickly stored at Ϫ80ЊC at different time points after hardening. Samples were taken at 0. 25, 1, 2, 4, 8, 16, 32, 64 hours after hardening in addition to the untreated control (Ϫ1 hour).
For the experiment described here, the time series was replicated 4 times (4 ϫ 9 chips). Two time series on flies were from the control regimen, and 2 on flies were from the induced heat survival selected regimen. Each time series (of 9 chips) was done on flies from an independent replicate line. Extreme care was taken to treat all samples equally and to be very precise with the timing of all steps throughout the process from collection and handling of flies to freezing of the treated samples and running the microarrays. Use of 10 female flies for each RNA sample hybridized, further reduced variation arising from individual transcription differences. The microarray analysis (see below) was for practical reasons done in 2 steps of 18 chips each. In each of the batches, all time points (9; from Ϫ1 to 64 hours) from both selection regimens (control and heat selected) were present. The design is graphically represented in Table 1 .
RNA extraction and complementary DNA creation
The Affymetrix array contains 13 966 probe sets representing approximately 13 000 unique genes. Flies from each vial (10 females) were homogenized with a FP-120 Fast Prep bead beater, according to manufacturer's protocols (Bio-101, Carlsbad, CA, USA), in 1.5 mL Trizol Reagent (Invitrogen, Carlsbad, CA, USA) and 150 L chloroform. Labeling, hybridization, and staining were performed essentially as described by Dyrskjot et al (2003) . In brief, double-stranded complementary DNA was prepared from 5 g of total RNA using the SuperScript Choice System (Invitrogen), according to the manufacturer's instructions, except using an oligo-dT primer containing a T7 RNA polymerase promoter site. Biotin-labeled complementary RNA (cRNA) was prepared using the BioArray High Yield RNA Transcript Labelling Kit (Enzo, Farmingdale, NY, USA). After the in vitro transcription (IVT) reaction, the unincorporated nucleotides were removed using RNeasy columns (Qiagen, Hilden, Germany).
Array hybridization and scanning
Fifteen micrograms of cRNA was fragmented at 94ЊC for 35 minutes in a fragmentation buffer containing 40 mM Tris-acetate, pH 8.1, 100 mM potassium acetate (KOAc) KOAc, 30 mM magnesium acetate (MgOAc) MgOAc. Before hybridization, the fragmented cRNA in a 6ϫ SSPE t 0.01% Tween 20 (SSPE-T) hybridization buffer (1 M NaCl, 10 mM Tris, pH 7.6, 0.005% Triton X-100) was heated to 95ЊC for 5 minutes and subsequently to 45ЊC for 5 minutes before loading onto the Affymetrix probe array cartridge (Drosophila Genome Array, 13 966 probe set). The probe array was then incubated for 16 hours at 45ЊC at constant rotation (60 rpm) The washing and staining procedure was performed in the Affymetrix Fluidics Station. The probe array was exposed to 10 washes in 6ϫ SSPE-T at 25ЊC, followed by 4 washes in 0.5ϫ SSPE-T at 50ЊC. The biotinylated cRNA was stained with a streptavidinphycoerythrin conjugate, final concentration 2 g/L (Molecular Probes, Eugene, OR, USA), in 6ϫ SSPE-T for 30 minutes at 25ЊC, followed by 10 washes in 6ϫ SSPE-T at 25ЊC). An antibody-amplification step followed using normal goat immunoglobulin G as a blocking reagent, final concentration 0.1 mg/mL (Sigma), and biotinylated antistreptavidin antibody (goat), final concentration 3 g/mL (Invitrogen). This was followed by a staining step with a streptavidin-phycoerythrin conjugate, final concentration 2 g/L (Molecular Probes), in 6ϫ SSPE-T for 30 minutes at 25ЊC and 10 washes in 6ϫ SSPE-T at 25ЊC. The probe arrays were scanned at 560 nm using a confocal laser-scanning microscope (Hewlett Packard GeneArray Scanner G2500A).
Statistical analysis
The raw data was GC-RMA normalized with the BIO-CONDUCTOR application for R (Wu and Irizarry 2004) . We used Multi Class SAM to select probe sets differentially expressed over time for further analyses (Tusher et al 2001) . SAM was run on the full data set; thus, no initial filtering was performed. This procedure allows the identification of genes that are differentially expressed consistently across replicates while controlling for multiple testing by estimating the false discovery rate (FDR) (Benjamini and Hochberg 1995) . For the SAM analysis, we used 100 permutations, which gave a stable number of significant genes and estimates of FDR among runs. We selected 1222 significant genes, which corresponded to a median FDR of Ͻ1% (FDR 90 percentile around 6%).
Significant genes were further analyzed by applying clustering to identify coexpressed genes (Eisen et al 1998; Spellman et al 1998; Gasch et al 2000) . To reduce the data set further and to focus on general and consistent patterns of gene expression, we calculated the mean expression of the 4 replicates of each time point and used these 9 means for each gene in the cluster analysis. Two clustering methods were used, K-mean and hierarchical clustering, using average linkage clustering for both cases on the means of the significantly differentially expressed genes (1222). For the K-mean clustering, the genes were mean-centered, so that each gene had mean 0 and variance 1 over the 9 time points, to be able to compare expression profiles among genes. This clustering method has been successfully used to identify coregulated genes (Tavazoie et al 1999) . Repeated K-mean clustering gave consistently very similar clusters with approximately equal number of genes in each, also when initial filtering criteria and number of clusters chosen was varied. We chose to produce 20 clusters because this produced a high degree of separation and a low number of clusters with no functional meaning among repeated runs. Analysis of variance, K-mean clustering, and hierarchical trees were done using the computer package TIGR MeV v. 3.0.1 (Saeed et al 2003) . Subsequently, subsets of clusters were selected for more detailed investigation. Because the Kmean method does not provide information about expression levels or fold changes, we plotted the genes from some clusters using the log2 mean expression (all times) vs the fold change from time Ϫ1 (control) to each time point. The genes from each cluster subset were analyzed further to establish functional groups of genes that increased or decreased over time and to establish the functional link to heat exposure. Information from the Gene Ontology (GO) (Gene-Ontology-Consortium 2001) database was combined with expression data, using the EASE application on the DAVID homepage (http://david. niaid.nih.gov/david/ease.htm) (Hosack et al 2003) . In brief, each probe set was assigned, when 1 was available, to its GO annotation. The number of probe sets for the different GO terms were computed for each K-mean cluster and for groups of similar clusters. A probability for recovering this number, given the number of genes in the data set, was assigned to each represented GO term (Hosack et al 2003) .
RESULTS AND DISCUSSION
The aim of this experiment was to investigate the heat stress response by investigating gene expression before and after a heat stress in temporal detail and to identify new candidate genes for heat stress resistance in this response using microarrays. In analyzing microarray data, it is crucial to identify and separate relevant or ''real'' differentially expressed genes from randomly varying genes. This has been traditionally done using various criteria such as fold change and thresholds of minimum expression levels; however, there are usually no statistical properties tied to them. In this study, we used multiclass SAM to select probe sets for further analyses. This procedure allows the identification of genes differentially expressed consistently across replicates while controlling for multiple testing by calculating the FDR (Benjamini and Hochberg 1995). We used a cutoff value of 0.011, yielding 1222 significant genes, which is equal to a median FDR of Ͻ1%. This seems to be a quite conservative threshold, and genes with smaller effects are overlooked and dismissed. However, Ͼ1200 genes are in the analysis at this threshold, and selecting more genes did not contribute significant new information. The design also addresses any heat-induced expression differences between controls and flies selected for induced heat survival. Because the responses to heat in these 2 regimens are nearly identical, such an investigation requires a different analytical approach, which will be presented in another article, along with additional data to increase power of detection (M.M. Nielsen, J.G. Sørensen, J. Justesen, M. Kruhøffer, and V. Loeschcke, unpublished observations).
Hierarchical clustering on all genes of all 36 chips (data not shown) showed little pattern as to which time points or replicates were clustered together (the chips from the first and the second hybridization runs showed a tendency to cluster). When hierarchical clustering was done on the 1222 significantly expressed genes, a pattern with much more dependency on time was found, ie, there was a clear structure introduced by time after hardening (Fig  1, Supplemental Fig I) . The late time points from 8 to 64 hours made up 1 major cluster, whereas the early time points (Ϫ1 to 4 hours) made up another. The 4 chips from each of the time points Ϫ1, 4, and 8 hours, respectively, all clustered together. All 4 chips from time 0.25 hour clustered together with 1 chip from 1 hour, and the remaining chips from 1 and 2 hours clustered with each other. Time points Ϫ1 and 4 hours clustered as neighbors, suggesting that much of the hardening effect on RNA expression has passed at time 4 hours. Chips from 16 and up to 64 hours were mixed and showed no clear time trend. That these did not cluster close to Ϫ1 hour might be surprising; however, the differentially expressed genes were expected to consist, in addition to the direct responses to the heat treatment, of primarily 2 categories of genes that could affect the cluster in this manner. One was circadian rhythm genes because the 4 late time points were spaced with 24-and 48-hour intervals (8 to 32 hours and 16 to 64 hours, respectively). It is well known that a large number of genes are regulated as a consequence of circadian rhythm (McDonald and Rosbash 2001) . The other category was genes involved in reproduction. These genes were expected because female flies aged and matured during the time course of the experiment. To identify heat stress-responsive genes, it is important that these 2 categories were consistently clustered and identified because they should not be considered stress responsive. Examination of the K-mean clusters indeed showed that this was the case. When examining means of the replicates over time points (Fig 1) the time-dependent pattern became even stronger. The late time points from 8 to 64 hours again formed 1 cluster, with 16 and 64 hours on one side and 8 and 32 hours on the other forming separate branches. In the branch including the early time points, Ϫ1 and 4 hours on the one hand and 0.25, 1, and 2 hours on the other formed groups together. Selecting even fewer genes, by applying a higher significance threshold in the SAM analysis, did not improve structure attributable to time in the hierarchical trees. The pattern provided by the genes picked up by the SAM analyses suggests that we to a large extent identified the truly differentially expressed genes with a biological basis and not random genes.
K-mean clusters
The expression profile over the 9 time points for the 20 K-mean clusters is shown in Supplemental Figure II . As stated earlier, this procedure produced consistent results among runs. The complete gene list for each cluster is presented in the supplementary material (Supplemental Table I ). The EASE scores for each cluster are given in supplemental Table II . Three cluster subsets were selected for further analyses. These represented 3 main stress responsive patterns found among the 20 K-mean clusters (Supplemental Fig II) . These were early-upregulated genes (clusters 1, 2, 11, 12), early-downregulated genes (clusters 3, 4, 7, 13, 18), and late-upregulated genes (clusters 10, 19, 20) . The expression profiles of these 3 main clusters are presented in Figure 2 , and the EASE scores most highly significant for these 3 main clusters are presented in Table 2 .
The K-mean procedure clustered differentially expressed genes not expected to respond to heat stress, particularly clusters 8, 16, and 20 (Supplemental Fig II) . However, because this study only covered 2 time points (8 hours apart) repeatedly, we did not expect to detect all circadian rhythm genes. Genes regulated at other time points would not be detected. We have compared the genes differentially regulated over time in this study with known circadian rhythm genes. A study using similar microarrays found 392 genes to be rhythmically expressed in D melanogaster males (McDonald and Rosbash 2001) . Of these, 120 genes are found among our 1222 significantly differentially expressed genes. The clusters with highest proportion of known circadian rhythm genes were cluster 8 (48%) and cluster 17 (24%). That cluster 17 had a high fraction of circadian genes was a surprise because this cluster does not show the predicted zigzag pattern among the 4 last time points. Thus, this information would have been missed if visual inspection was the only criterion for selection and analysis of clusters. Equally surprising, cluster 16 only had 2 known rhythm genes (3%), although this cluster showed a circadianlike pattern among the 4 last time points. The high proportion of rhythm genes in clusters 17 and especially 8 suggests that yet unknown rhythmically expressed genes may be found among unannotated genes in these clusters. The remaining circadian genes identified by McDonald and Rosbash (2001) and this study were distributed about equally in the rest of the clusters with occurrences of circadian genes between 0% and 17%, with most clusters below 10%. The occurrence in the early-up, early-down, and late-up main clusters were between 5% Table 2 Ease scores for genes in each main cluster. (A) Early-up; (B) Early-down; and (C) Late-up. The genes belonging to each of the 3 main clusters were up loaded to and evaluated by the EASE application at the National Institutes of Health homepage. The genes were grouped by ''System'' (molecular function, biological process, or cellular component) and ''Category'' within each of these systems. ''LH'' represents number of genes in gene list assigned to category; ''LT'' represents number of genes in gene list assigned to system; ''PH'' represents number of all known genes assigned to category; and ''PT'' represents number of all known genes in that system (at present the number of genes assigned to each system is molecular function, 6508; biological process, 4221; cellular component, 3883). The representation of each category of genes (Ն2) was evaluated by 2 criteria (Ease score and Fisher's exact test). Each test calculates the probability of detecting the actual detected number of genes in a category, by evaluating the proportion of genes in each gene list (here cluster) belonging to a category vs the proportion of genes belonging to this category out of all known genes. Thus, the ratio LH/LT is compared with the ratio PH/PT and 10% and thus equal to or below the overall mean of gene overlap (120 of 1222 genes). No significant functional groups were identified among these genes in any of the 3 main clusters. It is not possible from these data to determine whether these genes were truly regulated by both heat stress and circadian rhythm or if circadian regulation by chance matched heat-induced profiles for a few genes. Another possibility is that the genes were identified as false positive in any of these 2 studies; however, the FDR in this study was estimated to be very low (Ͻ1%). Finally, because the sexes differed between these 2 studies, it is possible that circadian expression to a certain extent is gender specific, further complicating the comparison. Genes involved in reproduction were primarily restricted to cluster 16. In this study, genes with known functions almost entirely are connected to reproduction (8 of 13 annotated probe sets), showing a huge overexpression of this GO category. Thus, based on coregulation, reproductive genes are expected to be identified from the so far unknown genes in cluster 16.
System
An additional cluster showing an interesting profile should be mentioned here. Cluster 17 showed a large decrease at the first time point after stress (0.25 hour), whereafter expression returned to prestress levels. This small cluster had 3 genes (of the 13 annotated) connected to immune responses. The connection between the immune response and heat stress in not clear. In the full data set of significant probe sets, 29 genes belong to the GO category ''defense response.'' These probe sets show both increased and decreased expression at various time points, with no consistent pattern among them. Genes involved in immune response, such as antibacterial peptides, are often found to be differentially expressed and seem to respond fast and many fold to changes in experimental conditions (eg, this study, Kristensen et al 2005) and many are even under circadian regulation (McDonald and Rosbash 2001).
The rhythmically expressed genes and genes involved in reproduction do, in addition to the heat stress-expressed genes, explain the main patterns consistently identified by K-mean clustering and the hierarchical trees. Most K-mean clusters include genes that are likely to be attributable to either heat exposure, circadian rhythm, or reproduction. Hierarchical trees show that the primary gene expression response to stress has returned to normal less than 8 hours after the heat treatment. The primary up-and downregulation closely mirror each other (Fig 2) . The vast majority of up-or downregulated genes return to control levels within 4 hours after stress has ended (Fig  3) . Another interesting feature seemingly general for the response to stresses is the proportion of genes up-and downregulated. As has been observed in other gene expression studies of the response to various other stressors, eg, old age and oxidative stress (Landis et al 2004) , the number of genes downregulated after stress exceeded the number upregulated. However, this may be dependent on the organism studied, sex, and the stress type used (Jin et al 2001) .
To test if the gene expression was affected by senescence or if a link between aging and stress resistance could be detected on gene expression level, we compared the 1222 significant genes from this study with the genes found to be affected during senescence by Jin et al (2001) .
Many studies have addressed the connection between life span and the ability to tolerate stress (Tatar et al 1997; Norry and Loeschcke 2002; Hercus et al 2003) , and it could be speculated that similar genes might be involved in responses induced by heat stress and age. Only 13 genes overlapped between the pure aging genes of Jin et al (2001) and the 1222 significant genes of this study. The 13 genes had a seemingly random distribution because maximum 2 genes per original K-mean cluster was found. The 3 main clusters shared 1 (early-up), 6 (early-down), and 5 (late-up) genes, respectively, and comprised less than 2% of the genes in all 3 clusters. No functional groups or genes with clear connection to stress responses were detected among these genes. This indicates that ageing had little effect on gene expression changes during the course of the experiment and provides no information about the connection between longevity and stress resistance.
The K-mean clusters have no information on actual expression values or fold changes. Therefore, we plotted the change in gene expression compared with time point Ϫ1 hour (before the heat treatment) against mean expression for the 3 major stress responsive clusters of genes (earlyup, late-up, and early-down) (Fig 3) . From these plots, it is evident that the genes that are upregulated generally are more changed than those downregulated. Figure 3 also shows that a few upregulated genes are not returning to near normal levels within 4 hours. After 8 hours post-heat stress, 8 probe sets from the early-up cluster remain more than 2-fold upregulated compared with before heat stress (CG6785, Hsp22, Hsp67Bc, Hsp68, Hsp70Bc, CG32130, EG:39E1.3, Hsp23). Not surprisingly, several well-known heat shock genes are found among these genes. Not much is known about the remaining 3 unannotated genes; however, 1 (CG32130) contains a BAG3 motif known to inhibit Hsp70 function, suggesting a function related to the stress response or chaperone activity. After 32 hours, only 2 probe sets remain more than 2 times upregulated (Hsp22, Hsp23). Thus, the expression of these 2 genes remain increased after other heat stress-upregulated genes (including other known hsps) have returned to prestress levels. For Hsp70, the gene expression profile after hardening match the protein level profile found by Dahlgaard et al (1998) . If the gene expression levels reflect protein concentration for other Hsps as well, it is possible that Hsp22 and Hsp23 contribute to the long-lasting heat-induced heat resistance that lacks correlation with Hsp70 expression (Dahlgaard et al 1998; Sørensen et al 2003) .
To evaluate the possible connections to heat stress exposure of the differentially expressed genes, we applied EASE to the 3 main clusters identified (Table 2) . Furthermore, we compared our 3 main clusters with the genes found to be stress responsive in 3 other studies using the Late-up) . The number of genes found in this and the compared study are given in parentheses. In the center of the gray circle, the number of genes found to be stress responsive in all 4 studies. A more detailed representation of the stress responsive genes shared among several stress studies can be found in the supplementary material (Fig III) and in Table 3 . ←   Fig 3. Time resolution of the 3 main groups of heat stress-responsive genes identified by K-mean clustering. Each cluster is plotted as mean expression (x-axis) vs fold change compared with time Ϫ1 hour (both axes are on a log2 scale). Red, green, and blue dots represent early-up, early-down, and late-up clusters, respectively. Each plot represents the fold change observed in 1 poststress time point compared with the Ϫ1 hour (control) situation.
Affymetrix platform for gene expression analyses. These studies are on gene expression induced by inbreeding (Kristensen et al 2005) , oxidative stress, and aging (Girardot et al 2004; Landis et al 2004) . The number of genes overlapping between our study and these 3 investigations are shown in Figure 4 . A more detailed outline of the stress responsive genes identified by this and the 3 other studies can be found in the supplementary material (Supplemental Fig III) . In the following analysis, we focused on genes found to be differentially expressed in this study (heat-specific response) and genes identified in this and in at least 2 of the 3 above-mentioned studies (general stress response) (Fig 4; Table 3 ). In total, 34 of 265 earlyupregulated, 123 of 508 early-downregulated, and 34 of 226 late-upregulated genes fulfilled this criterion for a general stress response (Table 3) .
Early-up
The EASE scores of significantly heat early-upregulated genes are given in Table 2 . Highest scoring GO included (number of genes in parentheses): chaperone activity (15), response to stress (17), glutathione transferase activity (8), protein kinase cascade (6), and gluconeogenesis (3). The genes from each of these categories are given in Table 4 . The genes found to be early-upregulated by stress were Table 3 The stress responsive genes identified by this study and at least 2 of the 3 studies used for comparisons are shown (Girardot et al 2004; Landis et al 2004; Kristensen et al 2005) . to a larger degree than those expected, ie, genes known to be heat responsive and to belong to the group of genes having chaperone activity. However, several chaperone genes not annotated to be heat or stress responsive were also identified. The GO term response to heat only includes 34 genes, whereas this study suggests that more than 200 are immediately upregulated as a response to heat exposure. The GOs identified as significant among genes early-upregulated are also among those found in other studies of stress-induced gene expression. Genes found to be differentially expressed in this and at least 2 of the 3 other comparable studies included the ontologies ''stress/chaperone'' genes, and ''glutathione transferase'' genes (Fig 4; Table 3 ). However, no genes from the ''protein kinase cascade'' and only 1 of the 3 ''gluconeogenesis'' genes were found in the comparison with other stress studies, although these categories were much more frequently represented among the original heat early-up cluster (Table 2 ). This suggests these 2 processes may be more specific for heat stress conditions, although the former processes could be considered to be more general stress responses. The significance of the gluconeogenesis genes is underlined by the fact that only 3 genes are found in this category, all of which were found to be upregulated by heat stress in this study. The relation between this process and stress remains unclear. Although metabolism in general is downregulated after stress, the process of gluconeogenesis, which produces glucose from pyruvate, seems upregulated. Glucose is needed as an energy source for nerve tissues, and possibly gluconeogenesis is upregulated by stress while the remaining metabolism is downregulated to secure an energy source for important and sensitive nerve tissue.
Early-down
The genes found to be early-downregulated by heat were primarily related to metabolism, with many genes in the GO catalytic activity (188), hydrolase activity (129), and peptidase activity (57). The EASE scores of significantly early-downregulated genes are given in Table 2 . Highest scoring GOs include monosaccharide transporter activity (9), lysosome (5), microsome (cytochrome P450 activity) (13), response to biotic stimulus (15), eye pigmentation (5). The genes from each of these categories are given in Table 4 . There is a large degree of overlap between genes found to be downregulated after stress in this study and the genes found to respond to stress in general. The number of genes commonly differentially expressed in comparisons between this and the other studies is much larger with down-than with upregulated genes (Fig 3) . This indicates that the effects of stress in general are more uniform among stress types in terms of what is closed down (decreased expression), whereas the response in terms of increased expression includes more specific groups of genes. Interestingly, a high number of ''eye pigmentation'' genes are found in this study. This corresponds with data suggesting that the same category of genes respond to selection for increased heat resistance (M.M. Nielsen, J.G. Sørensen, J. Justesen, M. Kruhøffer, and V. Loeschcke, unpublished observations).
Late-up
The genes found to be late-upregulated were also related to metabolism to a large degree. The EASE scores of significantly late-upregulated genes are given in Table 2 . Highest scoring GOs include: electrochemical potentialdriven transporter activity (12), response to light (5), transporter activity (30), catabolism (17). The genes from each of these categories are given in Table 4 .
Late-upregulated genes seem to share characteristics with early-downregulated genes, with many genes involved in metabolism. In Figure 3 , one can see that the genes defined as early-down and late-up to some degree resemble each other. However, also specific groups of genes are found among the late-up genes that are not found to the same degree in the early-down. The similarity between late-up and early-downregulated genes is especially evident in the genes shared with the other stress studies. Here, 2 GOs were significant: ''peptidase activity'' and ''cytochrome P450 activity/microsome.'' These 2 are also significant in the early-down cluster of genes. Still, when all late-up genes are considered, some additional categories of genes show up. Here, interestingly 5 additional genes were connected to the detection and response to light showed up.
From the comparisons with other stress studies, some general patterns were observed. In all 3 comparisons (Girardot et al 2004; Landis et al 2004; Kristensen et al 2005) , only relatively few genes were found to be shared among the early-upregulated genes, whereas relatively more genes are found to be shared among the late-up and early-downregulated genes (Fig 4) . A few well-known Hsps are often, if not always represented, as upregulated in the stress response, but in addition to these, the genes expressed seem not always to be the same. The lack of a large common response seems to be a general feature of the stress response of more complex organisms. For example, Murray et al (2004) found an absence of a common stress response to multiple types of stress in human cells in contrast to a large common response in yeast (Gasch et al 2000) . Gasch et al (2000) investigated the gene expression responses of a large number of genes in yeast and found ϳ900 to respond to a range of environmental perturbations. Although the response to environmental stress in yeast and heat stress in Drosophila seems to differ in terms of the specificity and number of genes expressed, some similarities are striking. In both cases, the immediate response consists of surprisingly parallel up-and downregulated genes, with around twice the number of genes repressed as induced (Gasch et al 2000 and Fig 2  a,b) . Also, the physiological functions of the genes are similar (eg, carbohydrate metabolism, cellular defense, protein folding, energy production etc.). The seemingly more specialized response in Drosophila probably arose because complex organisms (like whole organism Drosophila) have specialized tissue and organs and thus also cell-to-cell communication, which is expected to play an important role in maintaining homeostasis. Thus, using whole organism Drosophila, the results are averages across many tissues, and the specific reactions of small tissues can be easily overlooked. However, we regard this as an advantage, because the aim here was to identify general responses, ie, responses taking place in several tissues, thus not being diluted below detection limits. Also, using whole organisms (compared with cell culture or unicellular organism studies, where specific/single tissues can be investigated) can account for more complex features, eg, signaling, and traits linked to reproduction and behavior. These features are likely to be overlooked in assays on in vitro cell cultures compared with whole organism studies (Murray et al 2004) .
Apart from changes in gene expression level, stress induces other changes as well. Several metabolites and hor-mones are involved in stress responses and confer tolerance to stress exposures. Trehalose has been shown to protect from damage of a range of environmental stresses in yeast, including heat, and also accumulates after exposure to some types of stress exposures (Alexandre et al 2001) . In Drosophila, trehalose protects against anoxia stress (Chen et al 2002) , and it could be hypothesized that it could also protect against heat stress. An amino acid that plays an important role in the Drosophila stress response is tyrosine, which acts as a precursor of several stress hormones in insects including dopamine, octopamine, and tyramine (Sukhanova et al 1997; Hirashima et al 2000) . Changes in tyrosine levels have been shown to correlate with the changes in the levels of stress hormones during heat stress (Hirashima et al 2000) . In a study of multiple metabolites by nuclear magnetic resonance, the changes after mild stress, severe stress, and mild stress (hardening) followed by severe stress were investigated (A. Malmendal, J. Overgaard, J.G. Bundy, J.G. Sørensen, N.C. Nielsen, V. Loeschcke, and M. Holmstrup, unpublished observations). Trehalose showed no clear tendency for regulation after the heat stress. However, tyrosine was markedly elevated in the severely stressed flies although the levels were intermediate after mild stress. We identified 15 genes found to be involved in trehalose (Treh, CG5171, CG5177, Tps1, CG6262, CG16965) and tyrosine (Aph-4, Tbh, ple, Bc, amd, Ddc, Hn, CG11796, CG9674) synthesis and removal. Four of these genes were found to be stress responsive (amd: dopa decarboxylase, ple: Tyrosine hydroxylase, Aph-4: Alkaline phosphatase 4 and CG16965: trehalase activity). One (Aph-4) was found in the early-down cluster, whereas none were identified in the early-up, and late-up clusters. However, all 4 genes showed an immediate downregulation after stress, followed by less clear expression patterns at the later time points. Thus, although this study did not detect a clear response to stress in the processes connected to trehalose and tyrosine synthesis and metabolism, the observed changes might indicate responses to stress in these particular genes.
This study describes the pattern of up-and downregulation after heat stress in Drosophila. Numerous genes are up-or downregulated, at various points in time after stress, but the vast majority of the genes responding to stress returned to prestress levels within 8 hours after stress. The genes that were found to respond to heat stress were both genes known to respond to heat stress and new candidate genes. The gene expression analysis, by microarrays, used in this study successfully identified genes responding to heat stress with high certainty. This technique has proven to be a powerful technique to identify genes and processes involved in physiological processes and to provide candidates for further studies, which is expected to yield important biological information in the future.
